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EXPERIMENTAL EVALUATION OF OUTER
CASE BLOWING OR BLEEDING OF
SINGLE STAGE AXIAL FLOW COMPRESSOR

PART IV - PERFORMANCE OF BLEED INSERT
CONFIGURATION NO. 3

by

C, C. Koch and L. H. Smith, Jr.

ABSTRACT

A 1120 feet per second tip speed rotor having an aspect ratio of 4.5 and an
inlet hub-tip radius ratio of 0.5 was equipped with a porous outer casing so
that air could be bled from over the blade tip for boundary layer control.
Testing was conducted with distorted as well as undistorted inlet flow, and
overall and stalling performance data were obtained for each inlet condition.
It was determined that rotating stalls begin at the tip of the rotor with
distorted inlet flow, and that in such a situation the extraction of boundary
layer air is effective in increasing stall margin. With undistorted inlet
flow rotating stall begins at the pitchline for this rotor, and casing bleed
does not produce significant improvements in stall margin.

SUMMARY

The objective of this program is to investigate the potential of outer casing
blowing and bleeding as means of increasing the weight flow range of a 1120
feet per second tip speed rotor which has an aspect ratio of 4.5, an inlet
hub-tip radius ratio of 0.5 and a design tip diffusion factor of 0.45. This
report documents the performance of the rotor when equipped with a porous
outer casing above the rotor tip for bleed air extraction.

Tests were conducted with undistorted inlet flow and also with radial and
circumferential inlet distortions. Overall and stall performance were
determined both with and without bleed flow for each inlet condition. Stall
margin with undistorted inlet flow was not improved by the use of casing
bleed because the rotating stall cells originated in the region of the part-
span shroud. With distorted inlet flow, however, the rotating stall cells
originated at the rotor tip and extraction of casing bleed air was generally
effective in improving stall margin. In general, the improvement in stall



margin resulting from bleed extraction at the casing was less than that
obtained in previous blowing insert configuration tests.

The stall line for circumferential inlet distortion obtained with zero

bleed flow was similar to that previously obtained with zero blowing flow

in the blowing insert configuration tests, in that this stall line exceeded
that obtained with undistorted inlet flow. Further circumferential distortion
testing is planned in order to explain this unusual result.

INTRODUCTION

It is recognized that the use of high-aspect-ratio blading in aircraft gas
turbine compressors offers the potential of designing lighter, more compact
units. The performance of such stages has not always been satisfactory,
however, in that they have generally been found to have less weight flow
range than similar stages with lower aspect-ratio blading (refs. 1 and 2).
Reduced weight flow range typically results in reduced stall margin,
especially in cases where the compressor must operate with inlet flow
distortions.

The objective of this program is to investigate outer casing blowing and
bleeding in order to determine their effectiveness in increasing the weight
flow range of an isolated high-aspect-ratio rotor under conditions of
distorted as well as undistorted inlet flow. The design of the rotor and of
the blowing and bleeding devices is presented in reference 3.

The baseline performance of the rotor without casing boundary layer control
is documented in reference 4. Indications that stalls initiate at the
pitchline near the part-span shroud rather than at the tip for undistorted
inlet flow conditions were obtained during the baseline performance testing;
the stall point obtained at 100% speed in the baseline tests was at a flow
of 172.2 1bs/sec and a total-pressure ratio of 1.48. Peak rotor adiabatic
efficiency at design speed was 0.900.

The performance of the rotor equipped with an outer casing blowing device
is presented in reference 5. In these tests, rotating stall began at the
pitchline with undistorted inlet flow and the tip blowing did not produce
significant improvements in stall margin. However, stall began at the
rotor tip with distorted inlet flow, and injection of air at the tip was
effective in increasing stall margin.

This report presents the performance of the rotor when tested with a device
for bleeding boundary layer air from over the rotor tip. Stalling per-
formance was obtained, both with and without bleed flow, for cases of
undistorted inlet flow, tip radial inlet distortion, and 90° one-per-rev
circumferential distortion. Overall performance in each case was obtained
with zero bleed flow and with that level of bleed flow which produced the
highest stall line.



SYMBOLS
The following symbols are used in this report:
A flow area, in2
A, area represented by each diséharge.rake element. This is
J the area of an annulus bounded either by radii midway

between those of two adjacent elements or by the hub or
- casing, in?

Ch enthalpy-equivalent static-pressure-rise coefficient,
Po) ¥y 2 2
Y= - -
»2chptl [ Pl) -1 ] s, up
C, =
h 2
1
V1
Cp static-pressure-rise coefficient,
c = P27 P
Pr - 1.
P 1° P
. specific heat at constant pressure, Btu/lb-°R
D diffusion factor,
! -
V2 . 2% - 1V
D = 1 - ¥ +
T '
1 2rc\\l1
g acceleration due to gravity, 32.174 ft/sec2
i incidence angle, difference between air angle and camber

line angle at leading edge in cascade projection, deg

J mechanical equivalent of heat, 778.161 ft-1b/Btu

M Mach number

p total or stagnation pressure, psia

Pj arithmetic average total pressure at j immersion, psia
P static or stream pressure, psia



radius, in

. Mean radius, average of streamline leading-edge and

trailing-edge radii, in
total or stagnation temperature, °R

arithmetic average total temperature at j immersion, °R

static or stream temperature, °R

rotor speed, ft/sec

air velocity, ft/sec

average axial velocity at j immersion, ft/sec
weight flow, 1lb/sec

displacement along compressor axis, in

air angle, angle whose tangent is the ratio of tangential
to axial velocity, deg

ratio of specific heats

total pressure , psia

ratio: standard pressure 14.696 psia

deviation angle, difference between air angle and camber
line angle at trailing edge in cascade projection, deg

meridional angle, angle between tangent to streamline
projected on meridional plane and axial direction, deg

total temperature |, °R

ratio: standard temperature 518.688"R

angular displacement about compressor axis, deg

efficiency

angle between cylindrical projection of the blade camber line
at the leading or trailing edge and the axial direction, deg

static or stream density, lb-secz/ft4
solidity, ratio of chord to spacing

stream function; by = 0, Yo = 1



W total-pressure-loss coefficient

Subscripts:

ad adiabatic

an annulus value

avg arithmetic average at any plane

c césing at any plane

d downstream

h hub at any plane

in inlet

j immersion number

m meridional direction

5] polytropic

s suction surface

u upstream

Z with respect to axial displacement
8 with respect to tangential displacement
1 leading edge

2 trailing edge

0.05, 0.65, 0.90, 1.54, 1.90, 3.50 instrumentation plane designations
(figs. 3 & 4)

superscripts:
*

critical flow condition

relative to rotor



APPARATUS AND PROCEDURE

Test Rotor Design

A high aspect-ratio transonic rotor was designed as an instrument for

evaluating the

effects on performance and operating range of casing blow and
bleed devices on stages of this type.

The overall characteristics of the

rotor design are contained in the following list.

1. Rotor
2, 1Inlet
3. Total-
4,

5. Rotor
6. Rotor
7. Rotor
8. Rotor
9. Rotor
10. Rotor
11. Rotor
12,

13, Rotor
14,

tip speed, 1120 ft/sec.
hub-tip radius ratio, 0.50.

pressure ratio, 1.47, radially constant.

Corrected weight flow per unit annulus area, 39.32 1lb/sec-sq. ft.

tip solidity, 1.0.

tip relative Mach number, 1.2.

tip diffusion factor, 0.45.

blade aspect ratio, 4.5.

blade section, double-circular-arc on cylindrical sections.
chord, 1.772 in., radially constant.

maximum thickness-chord ratio, 0.085 at hub, 0.03 at tip.

Number of rotor blades, 60.

tip diameter, 34 in.

Corrected weight flow, 187 1bs/sec.

The rotor tip diffusion factor of 0.45 is somewhat higher than is common
practice for stages with a radius ratio of 0.5. The moderately large tip
loading was selected with the expectation that the boundary layer control
devices to be investigated would permit operation at loading levels that
exceed those given by conventional design criteria. The remaining items
were selected as being typical of a compressor front stage, the stage most
likely to require a boundary layer control device. Full details of the
methods employed in the design of this rotor and the resulting design
parameters are presented in reference 3.



Bleed Air System

The bleed air system consisted of steam ejector equipment, which reduced the
air pressure in a plenum chamber of the tip of the rotor, and a perforated
insert in the compressor casing to direct casing boundary layer air out of
the main stream by way of the plenum chamber and ejector system. A schematic
diagram of the bleed air system is shown in figure 1. Bleed air flow was
controlled by adjusting plenum chamber pressure with a valve in the dis-
charge line, and the flow rate of this bleed air was measured by an orifice
in the discharge line.

The bleed insert used in these tests was made of hexagonal honeycomb material.
As shown in figure 18 of reference 3, the forward portion was filled with a
removable material for this test. The open honeycomb material extended from
just aft of the rotor's leading edge to just aft of the trailing edge.
Figure 2 is aphoto of this insert configuration. The center lines of the
honeycomb cells were tilted 70° from radial in the tangential direction in
order to better recover the energy of the tangential component of the flow at
the tip of the rotor. The available bleed flow area was sized so that up to
% of the compressor design weight flow could be extracted. Additional
discussion of the design of this bleed insert is found in reference 3.

Test Facility

Performance tests of this rotor were made in General Electric's House
Compressor Test Facility at Lynn, Massachusetts. The general aspects of the
test set-up are shown in figure 4 of reference 4. The test rotor draws air
from the atmosphere through two banks of filters. The first filter bank is
intended to remove 22% of the particles larger than 3-5 microns (dust spot
test). The second and final filter bank is intended to remove 90-95% of the
remaining particles down to the same size. The air then passes through a
coarse wire inlet screen and into the bellmouth. Downstream of the test
rotor, outlet guide vanes are used to remove most of the swirl. In the exit
assembly the air is split into two streams. The inner air stream is passed
into an exit pipe containing a flow straightener and a venturi flow meter
and then is exhausted to atmosphere. The outer air stream passes through a
slide cylindrical throttle valve and into a collector. Two pipes, each of
which contains a flow straightener and a venturi flow meter, then discharge
the outer stream to atmosphere.

Power to drive the test rotor is provided by a high-pressure non-condensing
steam turbine rated at 15,000 horsepower.
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Instrumentation

Schematic views of the instrumentation provided for the testing are shown in
figures 3 and 4, and photos of the rakes themselves are shown in figure 5.
Inlet total temperature was measured by 24 thermocouples distributed on the
inlet screen. During this entire test, including the undistorted inlet
phase, four 5-element inlet distortion total-pressure rakes, figure 5(e),
located at plane 0.65 were used to measure the inlet total pressure. Six
inlet pitot-static rakes, figure 5(a), at plane 0.05 ahead of the distortion
screen were retained in the vehicle; individual elements on these rakes were
manifolded together for this test, and the resulting upstream pressure used
only as a check value. Additional inlet instrumentation consisted of a
15-element boundary layer rake, figure 5(b), immersed from the outer casing
at plane 0,65.

Hot wire anemometer data were taken with three shielded probes, figure 5(f),
located behind the rotor at plane 1.54. These were used to obtain traces
on high-speed paper tape from which the number, rotative speed, and radial
extent of the rotating stall cells could be determined.

Qutlet total pressures and temperatures were measured at plane 1.9 by 4 fixed
rakes of each type, figures 5(c) and 5(d). Immersions of the 5 elements on
each rake corresponded to the design streamlines at the 10%, 30%, 50%, 70%
and 90% annulus height positions as measured from the tip at plane 1.54.
These discharge rakes at plane 1.9 were ahead of the outlet guide vanes, and
thus had to measure swirling flow. These rakes were therefore rotated 37.5°
from the axial direction to match the pitchline swirl angle of the flow at
the design condition.

Numerous static pressure taps were located on the hub and casing through the
flowpath. At measuring planes where the fixed rakes were located, static
pressures at the hub and casing were measured at more than one circumferen-
tial position. Additional hub and casing static pressure taps were added
for this test; the location of these added taps is given in figure 4.

Distortion Screens

Two inlet airflow distortion patterns were tested with this insert configura-
tion. These were produced by mounting distortion screens at plane 0.10 located
approximately 26% of a rotor diameter ahead of the rotor's leading edge. The
circumferential screen covered a 90° arc of the inlet annulus from hub to tip,
while the radial distortion screen covered the outer 40% of the inlet annulus
area. Figure 6 shows the general layout of the screens. Both were designed
to produce patterns at plane 0.65, the rotor inlet instrumentation station,
which had a value of (Ppax - Pmin)/Pmax = 0.20 at the design flow of 187 1bs/
sec; accordingly both were made of 20 mesh, 0.016 inch wire diameter screen
material which had approximately 54% blocked area. The distortion screens
were mounted on a support screen which covered the entire annulus and which
was made of 0.092 inch diameter wire at 3/4 inch spacing.
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Test Procedure

Testing with this bleed insert configuration was conducted with undistorted
inlet, tip radial inlet distortion, and with a one-per-rev circumferential
inlet distortion. For each inlet condition, overall performance and stall
performance were measured both with and without bleed flow. The first part
of each run was devoted to determining the stall line at three different
bleed flow rates and also a base stall line with zero bleed flow. Corrected
speeds of 70%, 90% and 100% were investigated. Following this, the
compressor performance at each of these three speeds was mapped for zero
bleed flow and also for that bleed flow rate which produced the best stall
margin. To complete each test, overall performance was recorded while in
stall and at the point where the stalls cleared; these rotating-stall and
stall-removal points were obtained at each speed with both zero and optimum
bleed flow rates.

Stall Testing The first part of each test sequence was preliminary stall
testing to determine the stall line without bleed flow and with three
different bleed flow rates, These stall points were established by setting
the desired plenum chamber pressure at a point well removed from stall and
then slowly closing the throttle valve until strain gage and hot wire
anemometer signals indicated the formation of rotating stall cells or until
limiting vibratory stresses were encountered. In several instances, at 70%
and 100% speeds with radial distortion and high bleed flows, throttling was
terminated by strain gage indications of incipient blade aero-mechanical
instability rather than the occurrence of rotating stall. After each of
these preliminary stalls, the throttle valve was set to a position as close
as possible to stall, and an overall performance data reading was taken in
order to better define the exact conditions at the stall line. For each

of these preliminary stalls three shielded hot wire anemometers were immersed
to the 10%, 50% and 90% of annulus height positions as measured from the
casing and traces of the rotating stall cells were obtained on high-speed
paper tape. Examination of these traces indicated the radial extent of the
stall cells,

At the end of each test, the vehicle was stalled again at each speed with

zero and optimum bleed flow rates. During this final stall, all three hot
wires were set at the immersion where the stall cells were strongest in

the first stall. From the resulting tapes, information on the number and
speed of the rotating stall cells could be obtained by the methods explained
in reference 4. While throttling into and out of this second stall, an

ICPAC* trace was obtained. Conditions were stabilized in stall and a rotating-
stall overall performance reading taken. When this was completed, the speed
was maintained and the discharge throttle valve slowly opened until the stall

*Instantaneous Compressor Performance Analysis Computer. This is an analogue
circuit which senses weight flow and pressure ratio, and which plots these

quantities nearly instantaneously to provide an approximate on-line compressor
performance map.
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cleared; at this condition a stall-removal overall performance reading was
taken. ‘

The discharge throttle valve was geared for a fast opening-closing rate for
the first stall testing and was closed in a stepwise fashion by the operator.
During the second stalls the discharge valve was geared to move very slowly
and was actuated by the operator at a constant rate in order that the stall
line would always be obtained in a fully consistent manner.

Testing in the Unstalled Region The throttle settings at which data were
taken in the stall-free region of operation were selected to give an approx-
imately even spacing of the points on the compressor performance map speed
lines. Temperatures and pressures were recorded in digital form on punched
paper tape for computerized data reduction.

When taking overall performance data with the optimum bleed flow rate, it
was necessary to duplicate the optimum bleed flow conditions which had

been set during preliminary stall testing. This was done by re-setting the
speed, throttle position, and bleed plenum pressure to the same values

which had existed during the overall performance data point recorded in
conjunction with the preliminary stall at optimum bleed flow. Additional
overall performance points were then taken between this match condition and
maximum flow without making further adjustments to the bleed air flow system.
This procedure was followed for each of 70%, 90% and 100% speeds.

For overall performance data points the inlet total pressure was determined
by taking the arithmetic average of all elements on the inlet total-pressure
rakes. The discharge total-pressure and total-temperature ratios were
obtained by the mass-weighting procedure explained in reference 4. Although
the above methods of obtaining inlet and discharge conditions cannot really
be justified for the case of a circumferential inlet distortion, these
methods were judged to be as good as any other that could be easily applied
with the available data. Therefore these techniques were retained for all
inlet conditions. The weight flow reported herein was taken to be the rotor
inlet value; this was obtained by adding the bleed air flow (as measured by
an orifice in the bleed air discharge system) to the weight flow measured by
the discharge venturi meters. Both inlet weight flow and bleed air flow
rates were corrected by the same /8/8 term, as obtained from average rotor
inlet conditions. Rotor adiabatic efficiency was calculated from the mass-
weighted discharge total-pressure and total-temperature ratios using the
real gas properties of dry air. No attempt was made to adjust the efficiency
for work done by the rotor on the extracted bleed air,.
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RESULTS AND DISCUSSION

The results reported herein were obtained with bleed insert configuration
no. 3 in order to evaluate the effects of outer casing bleed over the tip
of a transonic rotor. This bleed configuration was tested with undistorted
inlet flow and also with radial and circumferential inlet flow distortions.
The overall and stall performance of each inlet flow condition is presented
and discussed separately in the following sections for the cases of zero
and optimum bleed flow rate.

Undistorted Inlet Testing

Determination of Stall Limits Table 1 (a) is a listing of conditions at
the limit of stall-free operation for each stall point investigated during
undistorted inlet testing. The stall points numbered 1-12 in the table
investigated the effect of varying the bleed flow rate on the compressor's
range of unstalled operation. From ICPAC traces obtained during these first
12 stalls, it was determined that the effect of bleed flow rate was very
slight. Overall, the optimum bleed flow rate was determined to be approxi-
mately 7 lbs/sec, the maximum rate the system could extract, but extraction
of this optimum bleed flow rate resulted in somewhat less weight flow range
than was obtained with zero bleed flow.

The compressor performance map for undistorted inlet testing is shown in
figure 7. Three rotating stall lines are shown on this map: bleed insert
configuration with zero bleed flow, bleed insert configuration with optimum
(maximum) bleed flow, and plain casing insert configuration with undistorted
inlet flow as reported in reference 4. The stall lines for zero and optimum
bleed flows shown on the map were based on the rotating-stall testing
conducted at the end of the undistorted inlet test run; the particular stall
points used are indicated in Table 1 (a). The stalling weight flow was
determined by recording the approximate flow given by the ICPAC system at
the instant indications of rotating stall were first observed on strain
gages or hot wire anemometers. This approximate value of flow was later
corrected by comparing ICPAC flow values with the actual weight flows
obtained from overall performance data points. The stalling total-pressure ratio

was obtained by extrapolating the speed line on the compressor performance
map using the ICPAC trace as a guide.
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Hot wire anemometer traces obtained at the 10%, 50% and 90% immersions
during the first group of stalls at various bleed flow rates indicated that
both with and without bleed flow the stalls at each speed were most severe
at the 50% immersion. In several instances, intermittent stall was observed
at the pitchline only; hot wire anemometer traces showing this stall mode
are shown in figure 13(a). These intermittent stall hot wire traces at

the 50% immersion confirmed the belief that stall did indeed originate at
the pitchline in undistorted inlet tests.

As seen in figure 7, the stall line with the optimum bleed flow rate of
about 7 lbs/sec lies below that for zero bleed flow, reducing the unstalled
weight flow range by about 4 lbs/sec at design speed. It would appear that
the predominant effect of bleeding air from the rotor tip is to reduce the
rotor discharge axial velocity and thus increase the aerodynamic loading in
the pitchline region where rotating stall first begins. It is possible that
the bleed may have strengthened the tip flow somewhat, making it possible
for the tip to run unstalled while intermittent stalls were present at the
pitchline as was observed on the hot wire anemometer traces.

The stall line obtained with the bleed insert configuration with zero bleed
flow was slightly better than that of the plain casing insert configuration:
unstalled weight flow range was about 2.5 lbs/sec greater at design speed.
This small improvement cannot be considered significant since it is about
equal to the repeatability of the stalling flow values at any speed.
Clearly, however, this bleed insert configuration did not improve stall
margin by itself as did the blowing insert. In reference 5 it was
speculated that the blowing insert may have produced a favorable recircula-
tion of air at the tip with zero blowing flow or perhaps damped out circum-
ferential pressure variations associated with rotating stall cells. It
would appear that if either mechanism was involved, they were ineffective
in the case of the bleed insert. Figure 8 is a plot of plenum chamber
pressure plus upstream and downstream casing static pressures versus rotor
inlet weight flow. Planes 1.0 and 1.50 are rotor leading and trailing edge
stations, respectively; static pressures at these locations given in

figure 8 were thus measured near either end of the porous insert material.
The pressure in the plenum chamber nearly equaled the discharge casing
static pressure and followed the same trend, probably because the porous
insert extends aft past the rotor's trailing edge. The pressures plotted
in figure 8 show that a recirculation of air in and out of the insert was
possible. However, it should be pointed out that the insert started aft of
the rotor's leading edge, and thus the pressure difference available to
sustain a recirculation was less than shown in the figure. Not only was the
amount of recirculation apt to be small, but also any air recirculated back
into the mainstream would have no axial component of velocity and thus should
have had little or no ability to improve the main flow at the tip.
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Performance in Stall The overall performance data points recorded while
the rotor was operating with rotating stall present appear as solid symbols
in figure 7. Since conditions are quite unsteady when operating in stall,
the accuracy of these readings is open to question. They do, however, show
the magnitude and the abruptness of the performance loss due to stall.

After each rotating-stall overall performance reading was taken, the dis-
charge throttle valve was slowly opened until the stall cleared. At this
setting a stall-removal overall performance reading was taken; these points
appear as a half-shaded symbols in figure 7. In general there is some
hysteresis in this process: the stall does not clear until the flow increases
above that at which stall first appeared. There was more of this hysteresis
at the higher speeds than at the lower. Bleeding at the tip did not reduce
the amount of hysteresis.

While recording performance data with stalls present, three shielded hot
wire anemometers were immersed to the 50% position and traces of the stall
cell patterns were obtained. From these the number and rotative speed of
the rotating stall cells could be determined; these data are tabulated in
Table 2(a). '

Unstalled Overall Performance A tabulation of all overall performance
data points recorded during undistorted inlet testing is contained in

Table 3(a). The compressor performance map, figure 7, presents the
performance for both zero and optimum bleed flow rates. Optimum bleed flow
was determined to be the maximum rate the system could extract, about 7 lbs/

sec; symbols on the map having an "X" through them indicate data points
recorded with this optimum bleed rate.

The flow scale on the performance map is rotor inlet flow and thus includes
the amount of bleed air extracted. Plotted in this manner, the map shows
that extraction of bleed air has virtually no effect on the pressure versus
flow relationship at each speed except at the stall limit; this relationship
both with and without bleed flow is essentially the same as recorded in
previous plain casing insert testing (reference 4).

Adiabatic efficiencies both with and without bleed flow are shown in

figure 7. The data points with zero bleed flow generally lie 2-2.5 percen-
tage points below the plain casing insert results (heavy dashed lines), while
those with optimum bleed flow are essentially the same as the plain casing
insert results. The reduced efficiency of the zero bleed flow data points
is not easily explained, in that the blades had been cleaned just prior to
the start of testing and did not appear to be dirty at the end of the test.
It is possible that the blade quality had deteriorated gradually during the
considerable amount of running done since the plain casing insert tests, or
that the honeycomb bleed insert was producing extra losses at the tip. It
was not possible to determine which, if either, of these possibilities was
responsible for the reduced efficiency. The fact that the efficiencies
rose to their previous values when bleed air was extracted is attributed to
the fact that this air carried off the inlet casing boundary layer and also

carried off part of the main flow which had passed through the rotor shock
wave system.
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Radial Distortion Testing

The screen used to produce the tip radial inlet distortion pattern is shown
in figure 6(a). This screen covered the outer 40% of the inlet annulus

area at plane 0.10. Two of the five elements on each of the inlet distortion
total pressure rakes, located at plane 0.65, were thus located in the region
of distorted inlet flow.

Determination of Stall Limits Table 1(b) is a listing of conditions at
each rotating stall or blade instability limit encountered during radial
distortion testing. The first 12 points given in the table investigated
the effect of various bleed flow rates on useable weight flow range.
Incipient blade aeromechanical instability rather than appearance of rotating
stall limited operation at 70% and 100% speeds with the maximum bleed flow
rate of about 7.5 lbs/sec. Although a bleed flow rate of about 6.3 lbs/sec
produced slightly more weight flow range at 70% and 100% speeds, the effect
of bleed flow rate was too small to be conclusive, and the maximum bleed
flow rate results were selected as representing the optimum bleed flow.

The compressor performance map for radial inlet distortion, figure 9,

shows rotating stall lines for zero bleed flow, undistorted inlet with

zero bleed from figure 7, and stall or instability limits for the case of
maximum bleed flow. The particular points used to determine the stall lines
on the performance map are indicated in Table 1(b).

Hot wire anemometer traces were obtained at the 10%, 50% and 90% immersions
during the initial stalls, samples of which are shown in figure 13(b).

These traces indicated that the rotating stall cells extended over the outer
span of the blades and were most severe at the tip in all instances. The
same type of stall traces was observed in blow insert tests with radial
distortion (reference 5). Thus it appears that rotating stall begins at

the tip in the present test, as it had in the earlier radial distortion test
with the blowing insert. As in this earlier test, the stalls would not
clear at the tip when the discharge throttle valve was opened; it was
necessary to drop speed in order to clear the stalls even for those cases
when bleed air was being extracted. The inability to clear the stalls was
caused by the pressure drop across the distortion screen and the resulting
reduction in discharge pressure. These factors raised the open-throttle
operating line to a level where the rotor could not be unthrottled enough to
clear the stalls.

With zero bleed flow the stall line was nearly identical to that recorded
in the earlier blow insert tests, but the improvement resulting from bleed
air extraction was mot as great as that due to blowing. At 90% speed, in
fact, there was virtually no improvement due to bleed. The rotor was also
stalled twice at this speed with the outlet de-swirl vanes closed 15°, once
with zero bleed and once with maximum bleed flow, but no substantial change
in the stall line was noted.
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Performance in Stall Only a single rotating-stall overall performance
data point could be recorded during radial inlet distortion testing; this
was for 70% speed with zero bleed flow. This point appears as a solid
symbol on the performance map, figure 9. No stall-removal data point

could be recorded at the above conditions because the rotating stall cells
could not be cleared until speed was reduced. While recording the rotating-
stall data point the three shielded hot wire anemometers were immersed to
10% of the annulus height from the tip, the position where the rotating
stall cells had been most severe in earlier stall testing, and traces of
the stall cell patterns were obtained. From these traces the number and
rotative speed of the stall cells were determined; these data are tabulated
in Table 2(b).

The test had to be terminated without obtaining any further rotating-stall
performance data because the rotor began encountering rotating stalls at
approximately 80% speed during accelerations with the discharge throttle
valve wide open. No combination of bleed flow rate or outlet de-swirl vane
position would enable the vehicle to accelerate past 80% speed without
stalling. Inspection of the vehicle showed no sign of dirt on the rotor
blades, and neither the inlet nor exit ducts were blocked. Furthermore,
ICPAC system traces showed that the wide-open throttle operating line had
not changed, indicating that an actual, but unexplained, deterioration of
the rotor's stall performance had occurred.

Unstalled Overall Performance A tabulation of all overall performance
data points recorded during radial inlet distortion testing is given in
Table 3(b). The compressor performance map, figure 9, is based on overall
performance data points with zero and maximum, or optimum, bleed flow rates.

The symbols on the map having an "X" through them represent data points with
optimum bleed flow.

Figure 10 presents plots of inlet and discharge total pressures and discharge
total temperature for Reading 49, a data point near stall at 100% speed

with zero bleed flow. At this condition, the radial inlet distortion

screen created a pattern at the inlet measuring station, plane 0.65, which
had a value of the distortion parameter Pp,x - Ppin)/Ppax €qual to about
0.18, The average total pressures in the distorted and undistorted regions
were used to determine the above value.

At 70% and 90% speeds the total-pressure ratio for a given weight flow was
greater with radial distortion that with undistorted inlet flow as shown in
figure 9. This same result was observed in radial distortion testing with
the blowing insert. It could not be determined at that time if this
phenomenon was due to instrumentation inaccuracy or to inadequate data
analysis methods. Reappearance of this trend in the present test indicates
that it is a characteristic of the rotor itself.
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Circumferential Distortion Testing

The screen used to produce the circumferential inlet distortion pattern is
shown in figure 6(b). This screen covered a 90° arc of the inlet annulus
at plane 0.10, and was placed so that its center was at bottom center. One
of the four inlet distortion total pressure rakes, that at 196° from top
center, was thus located in the region of distorted inlet flow.

Determination of Stall Limits Table 1{c) is a listing of conditions at
the limit of stall free operation for each stall point obtained during
circumferential inlet distortion testing. The first 12 points given in the
table investigated the effect of various bleed flow rates on unstalled
weight flow range. Although the effect of bleed rate was very slight, a
medium rate of approximately 6.5 1lbs/sec proved to be best at most speeds
and was therefore selected as the optimum bleed flow. The circumferential
distortion compressor performance map, figure 11, shows the stall lines
obtained with zero and optimum bleed flow rates. Also shown in figure 11
is the stall line for undistorted inlet and zero bleed flow as reported in
figure 7. The circumferential distortion stall lines on the map were
based on the rotating stall testing during which the slow discharge
throttle valve drive was used; these particular stall points are numbered
13-18 in Table 1(c).

The stalling performance of the rotor subjected to this circumferential
inlet distortion pattern was of the same unusual nature as in the blow
insert configuration testing with circumferential distortion (reference 5).
Even without bleed from the tip, the unstalled range of operation was
substantially increased with respect to the undistorted inlet flow
condition, Although the stalling total-pressure ratio was reduced, the
reduction in stalling weight flow was so large that the stall line plotted
considerably to the left of the undistorted inlet stall line. The extraction
of bleed air from the tip produced a further increase in unstalled weight
flow range. However, the limited sample of inlet and discharge conditions
obtained makes it impossible to determine the causes of this unusual
stalling performance with circumferential distortion.

Samples of hot wire anemometer traces obtained at the 10%, 50% and 90%
immersions during the initial stalls are shown in figure 13(c). These
indicated that the rotating stall cells usually extended over the outer span
of the blades and were most severe at the tip both with and without bleed
extraction. The initiation of stall was not abrupt, but instead began with
rotating stall cells forming intermittently until the throttle valve was
closed beyond the point where stall first was observed. In general, hot
wire anemometer traces indicated that rotating stalls first formed at the
tip in a highly unstable manner. Extraction of bleed air from over the
rotor tip was able to delay the formation of rotating stall cells, but was
less effective in this regard than was blowing.
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Performance in Stall Rotating-stall and stall-removal overall performance
data points were recorded with and without bleed flow at all speeds.

Although their accuracy is questionable due to the unsteadiness of the flow
with rotating stall cells present, these data do indicate that the decrease
in performance caused by the formation of stall cells is greater and that
there is more hysteresis involved in clearing the stalls without bleed

than when bleed air is extracted.

The number and rotative speed of the stall cells was determined from hot
wire anemometer traces obtained at the 10% immersion while the vehicle was
operated in stall. Although the number of stall cells frequently would
change while the vehicle was stabilized in the stalled mode of operation,
the most typical values are listed in Table 2(c).

Unstalled Overall Performance A tabulation of all overall performance
data points taken during circumferential distortion testing is given in
Table 3(¢). The compressor performance map, figure 11, is based on

overall performance data with zero and medium, or optimum, bleed flow rates.
Data points on the performance map which were obtained with optimum bleed
flow are identified by symbols with an '"X'" through them.

Figure 12 presents plots of inlet and discharge conditions for Reading 76,
a data point near stall at 100% speed with zero bleed flow. At this
condition, the circumferential inlet distortion screen created a pattern
at the inlet measuring station, plane 0.65, which had a value of the
distortion parameter (Ppax - Ppin)/Pmax €qual to 0.114. The average total
pressures in the distorted and undistorted regions were used to determine
the above value.

As mentioned in reference 5, the unusual stall line and unstalled performance
of this rotor when operated with circumferential inlet distortion required
additional testing to be performed with more extensive instrumentation.

The results of that test will be presented in the next report in this

series.
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Figure 1. - Schematic diagram of bleed air system.

30




aNsary o0 e
...
- -

-
-

flow

3

a1ir

direct

ion

s

irection of

4

e
Q
.

blade rotat

ion no. 3.

t

.

igura

f bleed insert conf

igure 2, - View o

.

F

31



‘UOTIBIUSWNIISUT JO UOTIBOO] SUTMOYS MOTA [BUOTPIION - ¢ 9andtj

000" £l
vy K3 HUNGROCEd NOTIVINYIVO NOISEC DISLLHIASIXV ¥04 JWVE DNIAALINZAL SI QAVOs Wmmq u
[ £
== 069791 | v
FNSSRY DUVIS 8O — ey [} — 3
un SR REAm oo (ST TR [mo e a 1 s
ATM03SDVHE SIS (173 S¥7°01 | 008 OF d_ADEVHOSIA
@Q man * Mwﬁ&ﬁ%@% ﬁ%&%&% v NOLYISa 567 XM ATk ] 06T AN
f B e g5 W e |08 SO1 001 0T { 000
TINFTLNIRIOS 60 09 0L 026 005
(ova - gl ANl wS1 | €16 629 002
9.01)SHwS w2V | — [ 05" 016 Sty 1L
MUNSI WD § uw@,émozﬁ& ol 324 076 <i0" 986 7]
MRl vel " oy L M 00" 000" 005 [0
3, NV S 1 vl v . .
NV \ 06 020 086 000°Y -~ Vi) c
o f 08" <60° 08¢ [
P TN T 02z 0587E ~ g
L] | 0T 1 <ot 611 199°S - YAV AONTOE
— SR LR v i gy |l 0z L 00T | 0008 - S90 NV
34 P ot Loz OpT L | 0006 - T
i i 6€" 001~ 000 11~ o1
[} hat 010 \\ L 90t 0007E1- [
= |51 08¢ 001 000 91~
026" 001" 00002~
2 L I S0v™1Z_ | 001 060" %2~
L e e—— (A S50° 00082~ NOsOLSIG L3N]
A0 =11 = m}ﬁm §%9°€T 08€°9 | 000°2¢- S90 NV
4 - T Ve avi H
& T hicd HEd =N, HOIIVIS |TEnOINOD | WIOINOD | ROIIVOOT
e P g =i IV Fity gng TVIXV
v I ‘"t ol G 53
002°2 ..n_ )
\‘ll\ll.\lLu\.‘\l\. o00°s =z oos'c -z, 1 | 000°1-a2 050°Ce2  199°§-ez |
el -2 - reng 000°8-22
090°ZT-~Z -
008°01 =2
HOVLS o
A90 00062 000°91-=2 /
988" =2
WHTHZ olz

000082

32



*UOTIBIUSWNIISUT FO UOTIBOOT] [BTIUSIOFUNDIATO Surimoys jusudorearsq - ¢ 9andtg

Qv €91 4V G3LHOLSIANN OMO

TR €S>

&' 60 10
3INYId 3INY1d 3NVd
o' _pst S90 SO0 76z
3NV INVId | INY aNv1d oog 882 | 05T
0sz 0sz | 91z
|_>uo_| moBmﬂ; o1z o1z | so0z
t 081 002 goz | 08t
b vgg | 081 081 | 091
16! ;96! 88C | 09T | 882 | 09T | t¥1
T - a 91z | vvl | 91 | b1 { £1T
2UCOTE > 101! 2 vor | otr | ver | o1t | 2z
T a2 9iz T IVILNYIINNDYID 1TINI ¥ e e e je | sz
1 hd 0 0 0 0 0
A .G22 SdVL G0H
887
00§ 882 | 05z
P 12 0S¢ osz | otz
91z o1z | 00C
; \ 00z 007 | 081
ShsT<——=> vgs | 081 081 | 091
Jroves 88z | 091 | 88z | 091 | ¥l
AWR ! 91Z | v¥1 | 912 | p¥1 | OTT
_ yp1 {011 | ppr | OTT | 22
4882 $E i 924792 2t fee e |ee |oz
0 0 0 0 g
LWS je62 dYL ONISYD
0S°s| 06°1| #S'T| 06°0] $9°0
.deOn@ sueid|euetd|ouerd{oueia|ouetd
- SIC SNOLLYDOT "TVIINZNTAWNOYL)
\ A3 < vl JUNSSEU DIIVIS
- 4
P S § \ 4 mx
A 1 AN e
15 — 0
® @ ot
2
2
£ &
Y 2
e F AN E
o
Am»\ L SIz S8l "Z01 i1 06" Sy g 3txd
/ L8 /8T “sg “S{ 06 : SyEW J1 3THn
1$E 's¥Z ‘111 ‘99 [N 9q01J X030U0WSUY OITN 0]
06, 662 'L [ PQOXJ ANSSAXJ OTIBIS. 11XF
66 + ¥S” 99014 BIQ0) 3TXF
L 5 (14 06" 9q014 BINESIIJ OTIBIS JBTUL
¥ 862 06 3q014 8IQ0Y 18 TUl
W0 > oo | e Sk et
. -5 987 '961 '9p1 9T} 50" @YY 7d 1073103810 3810,
# 0€§ 0Z¢ ‘01z OST ‘06 ‘0§ 50° YBY OTIEIS-I0ITd vmacwl
...nu_ o0 _'UOTAe50] 1B1IUedaJunaltg | ueid | K10 JUBURIISUT
T = == G
L] bt
N N330S NOLHOLSIO L0S
R R MUNSYINNDD LN g

|-

(NMOHS ION) MOFHO IS3I-NI ¥od
STTANODOHYARL TVNOILIAGY 4T

0-Z

<081 NIZUOS IFINL NO q3LNGIHISIQq
STIANODOWYAHL 1 IFIND 4T

33



(a). - Inlet pitot-static rake. (b). - Casing boundary layer rake.

Figure 5. - Photographs of instrumentation.
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(c). - Discharge total temperature rake. (d). - Discharge total pressure rake.

Figure 5. - Photographs of instrumentation.
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(e). - Inlet distortion total pressure rake. (f). - Shielded hot wire probe.

Figure 5. - Photographs of instrumentation.
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Figure 6 (a). - Photograph of radial inlet distortion screen mounted
on support screen.
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Figure 6 (b), - Photograph of circumferential inlet distortion screen
mounted on support screen.
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Corrected pressure, psia.
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Figure 8.- Variation of bleed plenum chamber pressure, at 100% desigh
speed and zero bleed flow.
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temperature profiles at 100% design speed, with radial

distortion, for Reading 49.
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(a) Undistorted inlet flow stall traces, design rotor speed with

maximum bleed flow rate.
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(b) Radial distortion stall traces, design rotor speed with zero bleed
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medium bleed flow rate.

Figure 13. - Sample hot wire anemometer stall traces.
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